Purpose: To elucidate the mechanism underlying the in vivo radioprotection activity by Zn-containing, heat-treated Saccharomyces cerevisiae yeast (Zn-yeast). Materials and Methods: Zn-yeast suspension was administered into C3H/He mice immediately after whole body irradiation (WBI) at 7.5 Gy. Bone marrow was extracted from the mice 6 hours after irradiation and analyzed on a microarray. Expression changes in the candidate responsive genes differentially expressed in treated mice were re-examined by qRT-PCR. The bone marrow was also examined pathologically at 6 h, 3, 7, and 14 days postirradiation. Results: Thirty-six genes, including Edn1 and Agpt2, were identified as candidate responsive genes in irradiated mouse bone marrow treated with Zn-yeast by showing a greater than three-fold change compared with control (no irradiation and no Zn-yeast) mice. The expressions of Cdkn1a, Bax, and Ccng, which are well known as radioresponsive genes, were upregulated in WBI mice and Zn-yeast treated WBI mice. Pathological examination showed the newly formed microvessels lined with endothelial cells, and small round hematopoietic cells around vessels in bone marrow matrix of mice administered with Zn-yeast after WBI, while whole-body irradiated mice developed fatty bone marrow within 2 weeks after irradiation. Conclusion: This study identified a possible mechanism for the postirradiation protection conferred by Zn-yeast. The protective effect of Zn-yeast against WBI is related to maintaining the bone marrow microenvironment, including targeting endothelial cells and cytokine release.
INTRODUCTION
For more than 25 years, various types of radioprotectors/ mitigators, including essential metalloelements, 1) have been investigated to achieve therapeutic effectiveness by decreasing normal tissue damages. Since exposure to radiation usually occurs unintentionally, prophylactic administration of agents effective in reducing radiation damage to normal tissues is not routine, and relatively few agents are reportedly effective when administered after irradiation. [2] [3] [4] [5] [6] [7] [8] [9] We previously reported that Zn-containing, heat-treated Saccharomyces cerevisiae yeast (Zn-yeast) provides remarkable postirradiation protection against bone marrow death in a mouse model exposed to a lethal dose of whole-body Xirradiation (WBI). 10) Similar effects were also observed for Cu-and Mn-yeast and even for simple yeast powder containing no additive minerals, although with lower activities than that observed with Zn-yeast. 10) Fractionation of a Znyeast suspension by centrifugation revealed the insoluble fraction to have a potent protective effect postirradiation, while the soluble fraction had only a moderate effect. These findings suggested that such activity of Zn-yeast is mainly attributable to the insoluble fraction, with the soluble components possibly contributing to an additional protective activity. 10) However, the molecular mechanisms by which the Zn-yeast components exert postirradiation protection against tissue damage in mice remain unknown.
This study sought to gain further insights into these molecular events by examining the expression profiles of bone marrow tissues after WBI using microarray technology. Candidate genes expressed in the bone marrow were confirmed by RT-PCR and hematopoietic tissues protected by the Zn-yeast was investigated histologically.
MATERIALS AND METHODS

Chemicals
Zinc-containing, heat-killed yeast powder from Omnica (Tokyo, Japan) was kindly provided from Dr. Tsutomu V. Kagiya. Other reagents were analytical grade and used without further purification. The yeast powder was pulverized in a mortar, and 0.5% methylcellulose (Wako, Osaka, Japan) solution was added to the powder. The suspension (8.5 mg/ml) was mixed well with a pestle as previously reported.
10) A 0.3-ml volume of yeast suspension was administered intraperitoneally to mice after WBI.
Animals
C3H/He mice used in the present study were treated and handled according to the Institutional Animal Care and Use Committee of the National Institute of Radiological Sciences (07-1042). Male, eight-week-old C3H mice were obtained from Japan SLC Co (Hamamatsu, Japan) and maintained as described previously.
10) The animals were divided into four experimental groups as follows: MC group, 0.5% methylcellulose administration only, used as a control group; MC-X group, 0.5% methylcellulose administration after WBI; ZnY group, Zn-yeast administration without irradiation; and, ZnY-X group, Zn-yeast administration after WBI.
X-irradiation of mice
The mice were irradiated at 7.5 Gy with X-rays as described previously. 10) Immediately after WBI, the mice were separated into groups for additional treatment and then sacrificed at 6 h, 3, 7, and 14 days after WBI.
Microarray analysis
RNA isolation was performed as described elsewhere. 11) Briefly, total RNA was isolated from bone marrow tissues of mice using ISOGEN (Nippon Gene, Tokyo, Japan) and then prepared using the RNeasy Mini kit (Qiagen, Hilden, Germany). Total RNA was pooled from bone marrow tissues of two mice per group. Fluorescently labeled cRNA was synthesized from total RNA using the Agilent Low RNA Input Linear Amplification Kit PLUS, Two-Color (Cy3-CTP, Cy5-CTP) (Agilent Technologies, Palo Alto, CA). Cy3-or Cy5-fluorescently labeled cDNA probes were obtained after reverse transcription of RNA from each experimental group. Two independent hybridizations were performed with fluorochrome switching between control and treated samples. Hybridization to microarrays (Whole Mouse Genome 4 x 44K Oligo Microarray Kit) consisting of 44000 total spots was conducted using an Agilent Gene Expression hybridization kit, and the arrays from duplicated samples were scanned on an Agilent dual-laser Microarray Scanner (all from Agilent Technologies), according to the manufacturer's instructions. Nondetection calls were filtered, and output data were then analyzed with the Rosetta Resolver Gene Expression Data Analysis System version 5.0 (Rosetta Biosoftware). Expression changes relative to the MC group were identified for paired data using the Resolver software. Genes showing more than a 3-fold change were considered as up/down-regulated genes.
Raw data including sample information, intensity mea- Mice were administered with Zn-yeast at a dose of 100 mg/Kg following whole body irradiation (WBI). b Genes were selected as up-or downregulated when their expression differed by more than three times from that in nonirradiated control mice (no Zn-yeast treatment, administered 0.5% methylcellulose solution only) and WBI plus Zn-yeast-treated mice. immediately after whole body irradiation (WBI) of 7.5 Gy. For control mice, 0.5% MC only was administered. Samples were collected at 6 hours, 3 days, 7 days, and 14 days after whole body irradiation. Upper panels: administration of 0.5% MC, A; 6 hours, B; 3 days, C; 7 days, and D; 14 days. Bottom panels: administration of ZnY (100 mg/Kg BW), E; 6 hours, F; 3 days, G; 7 days, and H; 14 days. Note the abundance of cellularity in the bone marrow (A), depletion of marrow cells (B), hemorrhage, and lipid droplets with reduced cellularity (C and D) in the control mice. Less hemorrhage within 3 days after WBI (E and F), and newly developed bone marrow cell colonies (G) were observed in Zn-yeast-treated mice, but no fatty bone marrow was observed (H). surements, error analysis, microarray content, and slide hybridization conditions will be made available at http:// www.ncbi.nlm.nih.gov/geo/ (GSE18727).
RT-PCR analysis of gene expression
Total RNA from the bone marrow tissues was used for quantitative reverse transcription (RT) polymerase chain reaction (qRT-PCR) analysis to confirm the transcriptional data obtained in the microarray analysis, as described previously.
11) Briefly, the RNA was reverse transcribed using a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics GmbH, Mannheim, Germany) and quantitative PCR (q-PCR) was performed on a LightCycler 480 Instrument (Roche) using the LightCycler 480 Probes Master mix (Roche) according to the manufacturer's recommendations. The qRT-PCR data were normalized for differences in cDNA quantity between samples using GAPDH, also detected by qRT-PCR, and displayed as a bar graph relative to all groups. Table 1 details the gene-specific primers used for amplification.
RESULTS
To identify candidate genes specifically involved in the radioprotective effects of Zn-yeast against bone marrow death, we selected those genes that were differentially expressed in Zn-yeast-administered mice. Table 2 lists 36 genes whose expression was upregulated or downregulated in the ZnY-X group compared to MC mice (control). We also found 50 ZnY-responsive genes induced by Zn-yeast without irradiation, and 199 irradiationresponsive genes in the MC-X group (Fig. 1 , Supplementary  Table S1 and Supplementary Table S2 ; URL http:// www.jstage.jst.go.jp/article/jrr/51/5/51_519/_applist). The set of genes responsive to postirradiation Zn-yeast treatment included downregulated genes, e.g., Tgtp, Oasl2, Il1b, and upregulated genes, e.g., Edn1, Agpt2 ( Table 2) . Expression of Il1b was upregulated in the MC-X group and downregulated in the ZnY group (Fig. 2) . The irradiation-responsive genes (Supplementary Table S2 ) included Cdkn1a and Bax, whose expression was also upregulated in ZnY-X mice ( Fig.  1 and Fig. 2) .
Responsive genes in bone marrow of whole-body irradiated mice with Zn-yeast
Histology of bone marrow protected by Zn-yeast after irradiation
At 6 h after irradiation, bone marrow from the irradiated mice showed similar numbers of myelogenic cells to the control, nonirradiated mice samples (Fig. 3) . From 3 to 7 days after irradiation, the MC-X group showed a decrease in bone marrow cells, with abundant red blood cell infiltration and lipid droplets observed in the samples at 14 days. In contrast, mice in the ZnY-X group showed newly formed microvessels lined with endothelial cells. Small round hematopoietic cells were also apparent around vessels, and hemorrhage was observed in one of three mice in this group. However, no lipid accumulation was detected.
RT-PCR analysis for responsive genes specifically expressed in bone marrow protected by Zn-yeast after irradiation
Among the 36 responsive genes were two genes related to neoangiogenesis, Edn1 and Agpt2, and known stress media- Fig. 4 . Quantification of mRNA expression for representative genes. Individual sample from each bone marrow of three mice were analyzed by RT-PCR, and mRNA expression levels were normalized to the reference gene, GAPDH. The relative values were plotted against those for the corresponding nonirradiated bone marrow without Zn-yeast treatment and data were expressed as mean +/-SD. SD was based on three individual animals. Each sample from each mouse was analyzed three times as technical triplicate and the average of these data was defined as data of each mouse. The correlation between microarray data and RT-PCR data of the representative genes is shown. tor in bone marrow after irradiation, Il1b. RT-PCR analysis performed to confirm the microarray data of these genes showed that Edn1 and Agpt2 were significantly upregulated in the ZnY-X group (Fig. 4) , while Il1b was upregulated by irradiation in the MC-X group and was stabilized by Zn-yeast treatment in the ZnY-X group. Together with the histological examination, these findings suggested that angiogenesis was well preserved in the Zn-yeast-treated mice.
DISCUSSION
In a previous study, we showed that Zn-yeast confers potent postirradiation protection/mitigation against bone marrow death. Here we have demonstrated a possible mechanism underlying this effect by identifying radioprotectionresponsive genes associated with newly formed microvessels, Edn1 and Agpt2, in Zn-yeast treated mice bone marrow after WBI. In addition, the Zn-yeast treatment stabilized the irradiation-induced upregulation of Il1b, which has a crucial role in bone marrow cell death in WBI mice. 12) Microvascular networks are the most sensitive part of the vascular system to ionizing radiation, and irradiated animals show a significant decrease in capillary surface area and a significant increase in vessel hematocrit. 13) Endothelial cells lining the vasculature provide a tightly regulated barrier that participates actively in a number of physiological processes, including extravasation of leukocytes to the underlying tissues, neovascularization in response to vascular injury, vascular tone, and hemostasis. 14, 15) In specific instances a more rapid response to vascular perturbation is necessary and endothelial cells deal with incoming challenges by immediate recruitment of bioactive components from intracellular storage pools.
14) The contents of these pools may initiate hemostasis, induce vasoconstriction to prevent unnecessary loss of blood components, regulate inflammatory responses, and direct fibrinolysis. Histological findings in this study suggested that Zn-yeast treatment might contribute to maintaining this microenvironment of damaged bone marrow after irradiation (Fig. 3) .
Agpt2 is an autocrine regulator and modifier of rapid vascular responses, mainly in endothelial cells, namely it is a gatekeeper of vascular homeostasis. 16, 17) Agpt2 acts as a switch of vascular responsiveness by exerting a permissive role for the activities of proinflammatory cytokines. 18) Angiopoietin functions are dependent on the presence of cytokines whose endothelial activities are modulated by the status of the angiopoietin-Tie system, which acts as a crucial regulator of vessel maturation and quiescence. Endothelin 1 is a potent vasoconstrictor peptide produced mainly in endothelial cells, 19) and has been implicated in the regulation of basal vascular tone. 20) When vascular homeostasis is disrupted by heat shock/stress, Edn1 is increased with increased expression of cytokines. 21) The present findings therefore strongly suggested that Znyeast acts as a radioprotector/mitigator by maintaining the bone marrow microenvironment such that surviving hematopoietic stem cells are supported to proliferate and differentiate. In support of this, in our previous study no protective effect of Zn-yeast was observed at higher doses of radiation exposure, where no surviving hematopoietic stem cell would be expected. 10) The study also revealed a set of 199 genes including known radioresponsive genes, such as Cdkn1a and Bax (Supplementary Table S2 ). These genes were upregulated by irradiation, and it is possible that Zn-yeast treatment stabilized some of these changes. Indeed, expression changes in Il1b were highly upregulated in X-ray irradiated mice without Zn-yeast treatment, but normally controlled in postirradiated Zn-treated mice. It is known that pretreatment with interleukin-1 (IL-1) also confers radioprotection. 22) IL-1 mediates acute and chronic responses to many stresses.
1) IL-1 also regulates zinc metabolism and directs the distribution and elevated expression of metallothionein. [23] [24] [25] Together with the present findings, it seems that Zn-yeast might suppress the Il1b upregulation caused by irradiation.
Instead, it is noteworthy that the expression of Cdkn1a and Bax was not changed by Zn-yeast administered at 6 hours after irradiation. They were upregulated in bone marrow of irradiated mice nevertheless with or without Zn-yeast treatment. In histological examination, remarkable loss of bone marrow cells was observed at 3 days after WBI with/ without Zn-yeast treatment. These findings suggest that Znyeast treatment does not affect the radiation-activated p53-apoptosis pathway. In conclusion, the protective effects of Zn-yeast against WBI are related to maintaining the bone marrow microenvironment, including targeting endothelial cells and cytokine release. Based on these findings, Zn-yeast could be used to limit bone marrow damage postirradiation in humans following a nuclear plant-related accident or in the event of nuclear terrorism.
